Abstract-Optoelectronic tweezers (OET) provide a powerful tool for the manipulation of micro-and nanoparticles. The OET device produces an optically controlled dielectrophoretic force, allowing complex dynamic manipulation patterns using light intensities up to 100 000 times lower than that of optical tweezers. Using OET, we demonstrate the separation of live and dead human B cells, and the separation of HeLa and Jurkat cells. We also present, for the first time, a modified single-sided OET device that promises to facilitate the integration of OET and microfluidics. Unlike standard OET, this single-sided OET device produces electric fields that are oriented parallel to the plane of the device. We demonstrate the manipulation of polystyrene beads using this new single-sided OET device, and discuss its capabilities.
I. INTRODUCTION
T HE ABILITY to manipulate individual cells is extremely attractive for cellular biologists. Cellular-level manipulation facilitates the study of single-cell behavior, such as the measurement of cellular forces [1] or cell-to-cell interactions. Single-cell manipulation can also aid in sample preparation or purification.
There are several forces that can be used to move and trap cells. Mechanical structures can be used to grip microparticles [2] , [3] , but it is difficult and costly to scale up mechanical devices for the parallel manipulation of single particles. Magnetic fields can impart a force [4] , but the cells under manipulation must be magnetic or attached to magnetic particles. Fluid drag can transport cells [5] , but it becomes difficult to achieve single-cell manipulation.
Optical forces can also be used for cell manipulation, either through radiation pressure [6] or by the force exerted by the gradient of the optical field of a highly focused laser beam, as in the classic optical tweezers trap [7] . Multiple dynamic optical tweezers traps may be created from a single input beam, through a technique known as holographic optical tweezers [8] , [9] . Optical manipulation has the additional advantage of being a noninvasive noncontact method of manipulation. Although optical tweezers has been proven as a technology for cellular and inorganic particle trapping, it still has several shortcomings. In order to generate sufficient trapping forces, laser intensities of approximately 10
5 -10 7 W/cm 2 are typically used, which can adversely affect cellular behavior [10] . Cellular photodamage from high laser intensities can be reduced by using infrared lasers [11] , but some effects may still remain [12] . In addition, to generate a sufficient gradient force, the laser is highly focused using objective lenses with high numerical aperture (NA). This results in a limited area over which the optical traps can be created, limiting the parallel manipulation capabilities of an optical tweezers system. This limitation becomes more restrictive for larger particles, such as mammalian cells, which typically have diameters of approximately 10 µm. Other types of optical trapping, such as evanescent wave trapping [13] , [14] , are effective over larger areas but have a difficulty in isolating a single particle from a larger population.
The electrical analog of optical tweezers is dielectrophoresis (DEP), which relies on the gradient of an electric field, rather than an optical field. Dielectrophoretic force results, when the interaction of the electric field gradient with the induced dipole of particles within the field produces a net force on the particles. Typically, microfabricated metal electrodes are used to create electric field gradients that are sufficient to trap microand nanoscale particles [15] - [17] . Dielectrophoretic manipulation is useful for a variety of functions, including cell trapping [16] - [18] and cell sorting [16] , [19] , [20] . However, the fixed electrode patterns limit the flexibility of individual devices, and make it difficult to isolate a particular cell from a population. Another electrical-force-based mechanism, traveling-wave DEP, relies on spatially varying voltages created by applying alternating phases to electrodes in order to transport cells [20] . The same limitations of DEP also apply to traveling-wave DEP. In order to have a dynamic single-cell control, an active DEP device is required. This has been demonstrated by the creation of dynamic DEP traps on a CMOS-circuit-based device [21] . However, the current incarnation of the device limits the resolution to 20-µm-diameter cells or larger, if single-cell trapping is desired. Another approach to single-particle manipulation combines the aspects of both optical tweezers and DEP, resulting in optically induced DEP. This technology, called optoelectronic tweezers (OET), uses a photosensitive surface to allow an optical pattern to control the electric field landscape within an OET device [22] . The resulting nonuniform electric field then generates a DEP force on particles in the OET device (Fig. 1) . As optical energy is not directly used for trapping, much lower optical intensities can be used as compared to optical tweezers, in the range of 0.1-100 W/cm 2 . These optical intensities can be achieved by a computer projector or an LED, allowing the creation of complex optical manipulation patterns [22] , [23] . In addition, the optical gradient force is no longer required, relaxing the focusing requirements and allowing the use of low-NA lenses. As a result, in our current configuration, the effective manipulation of OET is 500 times larger than that of a typical optical tweezers setup. Furthermore, since the manipulation patterns are controlled optically, OET retains the flexibility and dynamic control enjoyed by optical tweezers. Unlike electrodebased DEP, OET is capable of trapping a specific single particle from a larger population.
OET manipulation has been demonstrated on a variety of microparticles including polystyrene beads [22] - [27] , E. coli bacteria [28] , red and white blood cells [27] , HeLa cells [25] , and yeast cells [29] . A variety of light sources have been used including low-power lasers, computer projectors, LEDs, and LCD displays, demonstrating the flexibility of the OET device. In addition to the advantages presented by optically controlled manipulation, OET also retains the properties of DEP. Different cells experience varying DEP forces, allowing the separation of cells based on the DEP response.
Although OET is a highly flexible and versatile device, certain limitations exist. The electric field in the OET device is created in a liquid layer between two planar electrodes [ Fig. 2(a) ]; thus, both the electrodes must be in contact with the liquid for the device to operate. As a result, OET cannot be integrated with other devices that do not provide a conductive planar surface.
To rectify this, we have developed another version of the OET device that retains the same functionality but combines both the electrodes of the standard OET device on a single substrate [ Fig. 2(b) ]. This new single-sided OET device can be used with a variety of opposing surfaces, facilitating its integration with other microdevices such as microfluidic channels. Unlike standard OET, the single-sided OET device produces an electric field that is parallel to the plane of the device; thus, we call this device lateral-field optoelectronic tweezers (LOET).
In this paper, we present the use of OET to discriminate between live and dead human white blood cells, and between Jurkat and HeLa cell lines. We also detail the design and fabrication of the first single-sided LOET device, and demonstrate the manipulation of polystyrene beads in the LOET device.
II. OET DESIGN AND FABRICATION

A. Structure
The OET device [ Fig. 2(a) ] is a two-electrode device. The upper planar electrode consists of a 100-nm-thick layer of indium tin oxide (ITO), a transparent conductive material, on a glass substrate. The lower photosensitive electrode consists of multiple featureless layers of ITO, heavily doped hydrogenated amorphous silicon (a-Si:H), and intrinsic a-Si:H, all on a glass substrate. The two electrodes are separated by spacers, creating a chamber between the electrodes that is typically 100 µm in height. An aqueous solution containing the cells or particles under manipulation is introduced into the chamber between the electrodes. An electric field is created in the device by applying an ac bias across the top and bottom electrodes.
Like the OET device, the LOET device is a two-electrode device [ Fig. 2(b) ]. However, unlike the standard OET device, the electrodes of the LOET device are located on the same substrate. In LOET, the electrodes are laid out in an interdigitated pattern. As with OET, the electrodes are photosensitive and consist of the same layers of ITO, heavily doped a-Si:H, and intrinsic a-Si:H. In contrast to the standard OET, the electric field is created by applying an ac bias across the electrodes on the same substrate. As a result, an upper electrode is unnecessary in the LOET device. In the experiments presented here, a glass cover is typically used with the LOET device, in order to reduce the evaporation of the liquid/particle solution.
B. Fabrication
The fabrication process of the standard OET device is suitable for low-cost mass fabrication for disposable applications. This is an advantage for biological applications, as disposable devices reduce the chances of sample cross contamination. To make the OET device, ITO is sputtered onto 1-mm-thick glass wafers. The a-Si:H photosensitive electrodes are then created by plasmaenhanced chemical vapor deposition. One etch step is necessary to complete the OET device; reactive-ion etching (RIE) (90% SF 6 , 10% O 2 , 100-W RF power) is used to remove a section of the a-Si:H to create a bias pad to apply ac bias to the ITO layer.
The fabrication of the LOET device is slightly more involved than that of the standard OET device, but is also suitable for the manufacturing of low-cost devices. The first two steps are the same as in case of the OET device. After the a-Si:H layers are deposited, the electrode arrays are photolithographically defined and etched using RIE, stopping on the ITO layer. The ITO is then chemically etched (38% HCl) to complete the formation of the interdigitated electrode arrays. Finally, a second RIE is performed to create bias pads on the ITO layer. Only two bias pads are required to address the entire LOET array, which consists of more than 450 electrode fingers.
C. Operating Principle
Both the standard OET and LOET devices rely on optically induced DEP to impart a force on the particles under manipulation. The dielectrophoretic force is controlled by optical patterns that are projected on the photosensitive surface of the devices. The a-Si:H photoconductive material, which is used in the photosensitive electrodes of OET and LOET, has its conductivity modulated by the intensity of the light that is absorbed in the material [ Fig. 3(a) ]. Under ambient lighting conditions and a 5-V bias, the a-Si:H film has a conductivity of 0.9 × 10 −6 S/m. However, when illuminated with light, photogenerated charge carriers are produced in a-Si:H. As a result, the conductivity of the aSi:H layer increases by a few orders of magnitude to 1.7 × 10 −2 S/m under an illumination intensity of 145 W/cm 2 . The a-Si:H layer thus has two states: a low-conductivity dark state and a high-conductivity illuminated state. Furthermore, the transition between these two states is confined to the region under illumination, due to an ambipolar diffusion length of only 100 nm in amorphous silicon [30] . These two states allow the a-Si:H layer to act as a optically controlled and optically defined electrode.
The importance of the a-Si:H photoconductive layer can be seen by modeling the OET and LOET devices with a simplified equivalent circuit model [ Fig. 3(b) and (c) ]. In the dark state, the impedance of a-Si:H (Z PC ) is larger than the impedance of the liquid layer (Z L ). Thus, in areas with no illumination, most of the applied ac voltage drops across the high impedance of the a-Si:H layer. However, in the illuminated areas, Z PC becomes significantly lower, allowing a significant voltage drop to occur in the liquid layer. In this manner, an electric field gradient is set up between the illuminated and dark areas in the OET and LOET devices. However, the direction of the electric field is different in the OET and LOET devices. In the OET device, the potential difference that creates the electric field is across the top and bottom electrodes, resulting in a field that is primarily perpendicular to the surface of the OET device [ Fig. 4(a) ]. However, in the LOET device, the potential difference is across the interdigitated electrode fingers. When adjacent electrodes are illuminated, an electric field is formed parallel to the surface of the OET device [ Fig. 4(b) ]. Full 2-D control is retained in the LOET device, as the electrodes are only activated when illuminated with an optical pattern. 
D. OET and LOET Forces
Electric field gradients in the OET and LOET devices result in an optically induced DEP force. This DEP force results from the interaction of a nonuniform electric field and the induced dipole of a particle within the electric field. The forces at each end of the particle's dipole are unequal due to the nonuniform field, resulting in a net force (Fig. 1) . This force can be described by
wherep is the dipole moment of the particle andĒ is the first term of the Taylor series expansion of the electric field [31] . If the particle is a homogeneous dielectric sphere (e.g., a polystyrene bead), then the time-averaged DEP force reduces to
where r is the particle radius, ε m is the permittivity of the medium surrounding the particle, E rms is the root-mean-square electric field strength, and Re[K (ω)] is the real part of the Clausius-Mossotti factor, given by
where ε is the permittivity of the particle or medium (denoted by a subscript p or m), σ is the conductivity of the particle or medium, and ω is the angular frequency of the electric field [31] . The magnitude of Re[K (ω)] varies with frequency, resulting in the frequency dependence of the DEP force. Positive values of Re[K (ω)] result in particle attraction to electric field maxima (positive DEP, referred to here as positive OET). For negative values of Re[K (ω)], particles are repelled from field maxima (negative DEP, referred to here as negative OET). Applying an ac electric field, thus, allows the tuning of the type of DEP force induced on a particle, as well as negating any electrophoretic effects or particle movement due to its surface charge.
Unlike polystyrene beads, biological cells are not homogeneous. Thus, a single-shell model is typically used to determine the frequency-dependent Clausius-Mossotti factor for mammalian cells. The permittivity and conductivity of the cell membrane and interior are used to determine an effective complex permittivity that can then be used in (3). This effective permittivity is given by
where ε * int is the complex internal conductivity of the cell, and it is assumed that the thickness of the cell membrane d is much less than the radius of the cell interior r [19] . The membrane capacitance C * mem is given by
Many cell types are uniquely distinguishable by the real part of the Clausius-Mossotti factor. This enables the separation of different cell types using the DEP force.
E. Design Considerations
The forces induced in the standard OET device are sensitive to the gap between the top and bottom electrodes. This gap also defines the thickness of the liquid layer in the OET device. If the bias voltage across the electrodes is held constant as the electrode gap is decreased, the electric field strength in the OET device will increase. As a result, the induced OET force will also increase (Fig. 5) . However, the liquid layer thickness has a practical limit. A gap that is too small may cause cells to experience significant shear stresses; thus, this gap should ideally be limited to 50 µm or greater.
In contrast, as the LOET device is essentially single-sided, the force in the LOET device is insensitive to a gap between the electrode array surface and an opposing surface. Instead, the force induced in the LOET device is dependent on the dimensions of the electrodes including the electrode width and the spacing between the electrode fingers.
III. EXPERIMENTAL
A. Experimental Setup
A generalized schematic of the experimental setup of the OET and LOET devices is shown in Fig. 2 . A Nikon upright microscope was used to observe the particles under manipulation. The optical pattern source consisted of one of the following: a 650-nm, 5-mW diode laser (Lasermate, Inc., LTC-6508AH), a single 625-nm LED (Lumileds, Luxeon Star/O), or a 100-W halogen lamp. The laser source was used by itself, while the LED and the halogen lamp were used in conjunction with a digital micromirror device (DMD, Texas Instruments) to produce more complex optical patterns. The optical sources were focused onto the surface of the OET or LOET device through a 10 ×, 0.3-NA microscope objective lens (Olympus, MSPlan10).
B. Cell Discrimination Using OET
As described earlier, the DEP force is a function of the frequency-dependent electrical properties of the cells under manipulation. As different cell types exhibit dissimilar electrical properties, DEP can be used to sort between cell types, or even between widely varying cells of the same type [16] , [19] , [20] . This property is useful for cellular manipulation, in which heterogeneous mixtures of cells are common. We use this capability to selectively concentrate live human B cells from dead B cells, and to spatially discriminate a mixed population of Jurkat and HeLa cells.
In a live cell, the semipermeable phospholipid membrane allows a cell to maintain an ion differential between its interior and the surrounding liquid medium. In our OET experiments, cells are suspended in a low-conductivity isotonic buffer (8.5% sucrose and 0.3% dextrose); thus, the cells have internal conductivities greater than that of the liquid. However, once a cell dies, the membrane becomes permeable to ions. The ion differential is no longer maintained, and the conductivity of the cell interior becomes the same as the surrounding liquid. This means that the Clausius-Mossotti factor is different for live and dead cells. The real part of the Clausius-Mossotti factor for a human B cell was calculated using the single-shell model of the cell, as described in (2)- (5) (Fig. 6) . To determine the Clausius-Mossotti factor of dead B cells, it is assumed that the internal permittivity and conductivity of the cell is equal to that of the surrounding media, while all other parameters remain constant. The simulated results predict that, for applied frequencies greater than approximately 60 kHz, live B cells will experience a positive OET force while dead B cells will experience a negative OET force.
The difference in DEP response between live and dead B cells is used to selectively concentrate live B cells at an applied frequency of 120 kHz. The selective collection pattern is a series of broken concentric rings (Fig. 7) . The pattern is created using the DMD, and illumination is provided by a 100-W halogen lamp. As the concentric rings shrink, the live cells are focused In addition to differentiating between live and dead cells, OET force can be used to discriminate between different cell types. This ability is demonstrated through the spatial discrimination of live Jurkat and HeLa cells using OET.
In this experiment, cultured Jurkat cells were labeled with a green fluorescent dye. The labeled Jurkat cells and cultured HeLa cells were washed with isotonic buffer, resuspended in isotonic solution, and mixed together. The concentration of the mixed solution was approximately 5 × 10 5 cells/mL. Culture media was added to adjust the conductivity of the cell solution to approximately 2 mS/m. A 20-µL aliquot of cell solution was introduced into the OET device for manipulation. The cells experienced a positive OET force and were attracted toward the optical manipulation patterns.
The maximum OET manipulation velocity of Jurkat and HeLa cells as a function of the frequency of the applied voltage was empirically determined, and is shown in Fig. 8 . The manipulation velocity is proportional to the OET force. At an applied voltage of 10 Vpp at 100 kHz, sufficient variation in the OET force exists to differentiate between the two cell types.
In order to spatially separate the HeLa and Jurkat cells, a scanning line optical pattern is used to exploit the differences in OET force on the cells. The scanning lines are produced using the DMD and an LED source, and are shown schematically in Fig. 9 . A 15-µm-wide leading line and a 23-µm-wide trailing line are separated by ∼ 40 µm, and are simultaneously scanned at a rate of 13 µm/s. The leading line produces a weaker OET force than does the thicker trailing line, as the manipulation 
C. Microparticle Manipulation Using LOET
In order to demonstrate that the LOET device retains the 2-D manipulation pattern capabilities of the standard OET device, initial tests were performed using polymer microparticles. Polystyrene beads with diameters of 25 and 45 µm are suspended in a solution of KCl and deionized water, which is adjusted to attain a conductivity of 10 mS/m. Approximately 20 µL of the bead solution is dispensed into the LOET device.
Polystyrene bead manipulation in the LOET device was tested using a laser source. The LOET devices had electrodes that were 10 µm in width, with a gap of 20 µm between electrode fingers. The electrode arrays were biased with an ac voltage of 4 Vpp at 100 kHz. Both longitudinal and transverse motion of 25-µm-diameter polystyrene beads was observed (Fig. 11) . Longitudinal motion refers to particle movement along the length of the electrodes, and transverse motion refers to particle movement across electrode fingers.
The velocity induced in the LOET device on 25-and 45-µm-diameter polystyrene beads is shown as a function of the illumination light intensity and applied ac voltage (Fig. 12) . Both the longitudinal and the transverse directions of movement have approximately the same manipulation velocities, further confirming that full 2-D motion is preserved on the LOET device.
IV. CONCLUSION
Dynamic complex optical patterns may be used with OET to control the movement and location of many particles at once, effectively creating thousands of individual particle traps on a featureless surface. The ease and flexibility in creating these traps makes OET attractive compared to electrode-based particle manipulation technologies. Furthermore, OET enjoys some advantages over purely optical manipulation tools. The actuation intensity required to produce an OET trap is up to five orders of magnitude lower than that of an optical tweezers trap. In addition, as optical gradient forces are not used in the OET device, the optical patterns used for OET need not be highly focused, thus, allowing OET manipulation to be performed over an area 500 times larger than that in typical optical tweezers traps. Although OET is optically controlled, the OET forces still retain the same properties as in conventional DEP, allowing the use of OET force to separate between different cell types. We have demonstrated the selective concentration of live human B cells from a mixed population of live and dead B cells, as well as the spatial separation of a mixed population of Jurkat and HeLa cells.
Although OET manipulation has been demonstrated to be highly flexible, device integration is sometimes challenging as OET is a two-sided device. Thus, the integration of OET manipulation capabilities with a variety of other technologies such as microfluidic channels will be greatly facilitated by the single-sided LOET device. Here, we have outlined the design and fabrication of the LOET device, and demonstrated LOET manipulation on polystyrene beads at velocities greater than 15 µm/s.
We envision both types of OET devices complementing each other. Together, these OET technologies provide powerful tools for the manipulation of micro-and nanoscale particles.
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